Introduction
Cadherin molecules are known to be critical for creating and maintaining proper tissue architecture in cancer and development (Zhong et al., 1999; Gumbiner, 2005) . E-cadherin is a classical tumor suppressor that is mutated in lobular breast carcinoma and gastric carcinoma (Berx et al., 1998; Guilford et al., 1998; Batlle et al., 2000) . E-cadherin can also be silenced by SNAIL in a variety of different tumors and is a critical barrier for migration and metastasis (Cano et al., 2000; Yang et al., 2004) . During the epithelial to mesenchymal transition, E-cadherin is switched off while N-cadherin is induced. One of the features of this switch is the stimulation of fibroblast growth factor (FGF) signaling due to the direct binding of N-cadherin to FGF receptor (Suyama et al., 2002) .
Accumulating evidence suggests that protocadherins can function as tumor suppressors. Two members of the protocadherin family (protocadherin-10 and -20) are frequently silenced in carcinomas of the nasopharynx and lung due to promoter methylation and inhibit cell migration and proliferation (Imoto et al., 2006; Ying et al., 2006) . Paraxial protocadherin (PAPC) is capable of homotypic binding and is a critical mediator of blastocyst somite organization, cell movement and cell polarity during embryogenesis, but its involvement in cancer development is not known (Kim et al., 1998 (Kim et al., , 2000 Rhee et al., 2003; Unterseher et al., 2004) . Given the importance of PAPC in vertebrate development, we decided to evaluate its human ortholog PCDH8 for a role in tumor progression after finding a homozygous deletion of the gene in a breast cancer cell line. In this report, we show that PCDH8 is mutated and epigenetically silenced in a large proportion of breast tumors and that PCDH8 functions to suppress breast epithelial migration and proliferation. Interestingly, we show that a point mutation of PCDH8 is able to transform the normal mammary epithelial cell line MCF10A.
Results
PCDH8 is deleted in a breast cancer line and expressed in normal breast cells To find genomic alterations that might contribute to tumor development, we performed genomic subtraction on the breast tumor cell line HCC1395 to define a homozygous deletion encompassing several genes including a cadherin family member PCDH8 at chromosome 13q14.3-21.2, a candidate tumor suppressor locus distinct from BRCA2 and RB (Figures 1a and b ; Melamed et al., 1997; Eiriksdottir et al., 1998; Yin et al., 1999) .
We detected mRNA and protein expression of PCDH8 in two breast luminal epithelial cells lines (M2 and M3), a spontaneously immortalized breast epithelial line MCF10A (10A) and the breast tumor line MCF7, but not in HCC1395 the line with the homozygous deletion ( Figure 1c ; Wazer et al., 1995) . As an initial screen to determine whether PCDH8 mRNA was produced in mammary epithelium in vivo, we designed an in situ hybridization probe and determined that mouse PCDH8 message was expressed in mouse mammary ducts and brain (Figure 1d ).
Reduced expression of PCDH8 in breast cancer
To look for changes in PCDH8 expression in breast cancer, we screened a panel of 85 cancer cell lines and tumor biopsies for PCDH8 message. As shown in Figure 1e , we did not detect PCDH8 in , MDA-MB-435s (435s) or MDA-MB-436 (436). The overall frequency of PCDH8 mRNA downregulation was 32% in tumors and 18% in cell lines (Figure 1e ; Table 1 ). In addition, tumor cell lines such as ZR75-30, MDA-MB-435s and MDA-MB-436 that exhibited no message for PCDH8 also expressed little to no protein (Figure 1e ).
Somatic mutations of PCDH8 in breast carcinoma
Loss of expression of PCDH8 in breast tumors suggests that PCDH8 may be a tumor suppressor gene. To test this hypothesis, we screened 116 breast tumors as well as A homozygous deletion of 13q14-21 in HCC1395 was found by RDA analysis and corroborated by SNP chip and PCR analysis. Genes that are deleted include CHM1, PCDH8, GW112, PCDH17, DIAPH3 and TDRD3. A short stretch of DNA between PCDH8 and GW112 was retained. Other homozygous deletions in this vicinity do not appear to affect PCDH8 or any other gene expressed in breast tissue (Cox et al., 2005 Figure S1 ). In one tumor biopsy, we found a G436A:E146K mutation in EC2; in another tumor biopsy, a C2089T:R697C mutation in EC6; and in HCC1599, a G1028A:R343H mutation in EC3 (Figures  2a and b ; Table 2 ). In addition, we confirmed a previously reported somatic G2868C:K956C mutation in the intracellular portion of PCDH8 in HCC2218 (Sjoblom et al., 2006) . Interestingly, this mutation is in an intracellular region of PCDH8 that is evolutionarily conserved among several different protocadherin family members (Supplementary Figure S1) .
The genetic changes in PCDH8 found in the breast cancer samples were consistent with the tumor suppressor hypothesis. All of the missense changes clustered in conserved domains, suggesting that they may disrupt adhesive and/or signaling function. Of particular note, alignment of the E146K mutation to the analogous glutamic acid residue in C-cadherin predicts that it coordinates calcium ions, a function that is required for proper adhesive function (Shapiro et al., 1995; Nagar et al., 1996; Boggon et al., 2002) .
DNA methylation analysis of PCDH8 promoter and regulation of expression To determine the basis for PCDH8 silencing seen in some breast cancer cases, we assessed PCDH8 cytosine phosphate guanine (CpG) island methylation by Southern blot. The PCDH8 CpG island was not methylated in normal breast (Figures 2c and d) . However, complete methylation was present in the cancer cell line ZR75-30 and partial methylation was detected in the cell line MDA-MB-435s and breast tumors 21T, 95T and 584T, but not 33T. The same blots were stripped and probed with ankyrin repeat domain-containing protein 3 (ANKRD3), which demonstrated that the DNA was completely digested. Evidence of PCDH8 methylation was seen in 6 of 21 (29%) breast tumor biopsies and 4 of 12 (33%) cell lines (Table 1; Supplementary Table S1 ). Partial or full methylation in each case correlated with reduction of PCDH8 expression (Figures 1e, 2c and f) . In patient biopsies, PCDH8 protein was expressed in the cytoplasm and on the membrane of the luminal and basal epithelial layers of normal breast ducts and lobules but was markedly reduced in tumors with a methylated promoter (n ¼ 6, P ¼ 0.0456; Figures 2c and f; Supplementary Table S2 ). To study the relationship between partial promoter methylation and PCDH8 silencing, we treated MDA-MB-435s cells with a DNA methyltransferase inhibitor, 5-aza-deoxycytidine. Treatment restored expression of PCDH8, suggesting that chromatin modification of the CpG island is involved in gene silencing in tumors (Figure 2e ).
Correlative analysis of PCDH8 protein expression in breast tumors
We next screened 35 of the breast tumors that had been evaluated for LOH and PCDH8 mutation for loss of protein expression. Levels of PCDH8 protein were reduced, relative to adjacent normal ducts and lobules in 8/35 (23%) tumors ( Figure 2g ; Table 1 ). Downregulation of PCDH8 correlated with LOH for 13q14 (P ¼ 0.0178), suggesting that two hits are required for PCDH8 inactivation (Supplementary Table S2 ). In addition, reduced PCDH8 correlated with reduced estrogen receptor (P ¼ 0.001) and progesterone receptor (P ¼ 0.001), and increased S-phase tumors (P ¼ 0.0454), raising the possibility that PCDH8 may regulate cell proliferation in estrogen receptor negative tumors (Supplementary Table S2 ). Cases with missense 
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Abbreviations: EC, extracellular cadherin repeat; HD, homozygous deletion; LOH, loss of heterozygosity. Breast tumors (116) and breast tumor cell lines (21) were sequenced genomically for PCDH8 mutations. Somatic mutations are diagrammed in a cartoon of PCDH8. In addition, we found several nonsynonymous germline changes-G748A:V250M (EC3), A1099G:T367A (EC4), T2015A:L672Q (EC6), and C2625A:H875Q (cytoplasmic tail), as well as a change in the Kozak sequence (À1C to T). Black rectangle, cytoplasmic domain; gray rectangle, signal peptide or transmembrane domain; Mutation identified in HCC2218 was previously reported and confirmed (Sjoblom et al., 2006) . mutations showed no evidence of reduced PCDH8 expression by staining. This observation suggests that the mutants are stable. Thus, our data support a model of tumor formation in which PCDH8 is commonly inactivated by a combination of LOH of one allele and promoter silencing or missense mutation of the remaining allele. In a separate series of breast tumors on a tissue microarray, we found reduced PCDH8 expression in tumor cells in 26/64 invasive ductal breast cancers (41%) and 3/10 ductal carcinomas in situ (30%; Table 1 ). These data show that PCDH8 reduction occurs prior to invasion of the basement membrane but is associated with altered epithelial organization found in ductal carcinoma in situ (DCIS).
Complementation of a mutant tumor cell line
Having established that PCDH8 is a candidate tumor suppressor, we wanted to determine the effect of expressing wild-type PCDH8 in a mutant tumor cell line. For HCC2218, which grows in suspension, we successfully generated stable pools of cells infected with retroviruses expressing either wild type or two of the somatic mutant forms of PCDH8, E146K (PCDH8K) and R343H (PCDH8H; Figure 3a) . Wild-type PCDH8 suppressed the growth of HCC2218 relative to empty vector and tumor-derived mutants (Figure 3b) . No changes in cell morphology or cell clumping were observed (data not shown).
Evaluation of the effect of PCDH8 on cell migration We next wondered whether introducing wild-type and mutant PCDH8 into untransformed mammary cells could alter the growth and differentiation of normal mammary cells. We used MCF10A, which expresses endogenous PCDH8 at low levels ( Figure 1c ). MCF10A cells grow as a monolayer on plastic and arrest after contact inhibition. When grown in Matrigel, a single MCF10A cell can develop into a multi-cellular acinus that exits the cell cycle, recapitulating in many ways the development of a normal breast duct (Debnath et al., 2003a) . Perturbation of mitogenic pathways by overexpression of ErbB2/HER2/Neu, for example, produces disorganized structures resembling breast cancers (Muthuswamy et al., 2001; Debnath et al., 2003b) . In addition, these cells are extremely useful for studying epithelial cell migration. MCF10A cells were infected with retroviruses expressing myc epitope-tagged wild-type PCDH8, the somatic mutants E146K (PCDH8K) and R343H (PCDH8H) or the empty vector pBABEpuro. The expression of exogenous PCDH8 was readily detectable and was higher than the endogenous level expressed in MCF10A (Figure 4a) . Interestingly, exogenous PCDH8 and the PCDH8H mutant migrated at two different molecular weights, but the PCDH8K mutant only expressed the smaller species. Indirect immunofluorescence using an anti-myc antibody revealed that wild-type PCDH8 but not the E146K mutant was concentrated in delicate connections between cells (Figure 4b ). These data suggest that the E146K mutation affects the posttranslational processing of PCDH8 and transport to the membrane in MCF10A.
Considering that PAPC regulates embryonic cell movements and PCDH8 is expressed in cell membranes, we asked whether PCDH8 could alter migration. In wound healing assays, cells overexpressing PCDH8 showed reduced ability to migrate into the wound relative to empty vector control cells (Figure 4c ). In this context, both PCDH8K and PCDH8H mutants behaved like empty vector and closed the wound completely within 24 h. These observations suggest that PCDH8 diminishes migration and that the mutations are deficient in this capacity.
E146K mutation of PCDH8 triggers transformation of breast epithelial cells
To our surprise, under both enriched and limited growth factor conditions, the E146K mutation of PCDH8 (PCDHK) transformed MCF10A cells. A subset of MCF10A-PCDH8K cells was able to form foci when grown on plastic, whereas empty vector, wild-type PCDH8 and PCDH8H cells were not (Figure 5a , left column and b). When grown in reduced growth factor Matrigel, MCF10A-PCDH8K cells formed large spiculated colonies, at an average incidence of 1:1000 while such growth was not observed for other infectants (Figure 5a , middle column and b). While the transformation of MCF10A-PCDH8K cells was highly induced above base-line control cells, transformation only occurred in a portion of the infected cell population. Similar results were observed from multiple independent infections of MCF10A cells with the PCDH8K retroviral vector.
At the same time we noticed a more subtle growth alteration in the PCDH8K infectants that occurred in all of the acini grown in Matrigel. While wild-type PCDH8, mutant PCDH8H and empty vector acini were small as expected (Figure 5a , right column), PCDH8K acini were larger and contained more cells (Figure 5a , right column). This suggested that the entire population of PCDH8K cells was receiving a pro-oncogenic signal that was not present in the other infected populations.
Since cyclin D1 and MYC can transform human and mouse mammary cells, we asked whether PCDH8K could alter the expression of these proteins after the withdrawal of growth factors (Chou et al., 1999 expected, vector and wild-type PCDH8 had low levels of cyclin D1 and MYC, 16 h after epidermal growth factor withdrawal ( Figure 5d ). PCDH8K cells, on the other hand, showed elevated levels of cyclin D1 and MYC over a 48 h period, similar to those induced by expression of H-RasV12. Thus, the E146K mutation of PCDH8 is likely to promote cellular transformation through its ability to reduce the growth factor requirements for the expression of cyclin D1 and MYC. To examine the possibility that wild-type PCDH8 could suppress H-RasV12, we introduced PCDH8 into H-RasV12 MCF10A cells and found that it was unable to affect cyclin D1 (data not shown).
Discussion
We have shown that PCDH8 is inactivated in a large proportion of epithelial tumors through either genetic alteration or epigenetic silencing of expression (Figures  1 and 2 ; Tables 1 and 2 ). Somatic mutations clustered in highly conserved domains of the gene and were associated with LOH, while partial methylation of the promoter was associated with LOH and reduced gene expression. With the exception of one tumor cell line, methylation was partial, which suggests that it may be a consequence of gene silencing rather than a cause.
Overall, approximately one third of all breast carcinomas had either evidence of genetic or epigenetic inactivation of PCDH8. Loss of PCDH8 occurred early in tumor development in DCIS and correlated with increased S-phase and loss of estrogen receptor expression. Based upon these data, we conclude that PCDH8 is a candidate tumor suppressor. Consistent with this hypothesis, we have found that PCDH8 suppresses tumor cell proliferation and inhibits cell migration (Figures 3 and 4) . PCDH8 inhibited the proliferation of the mutant tumor cell line HCC2218 and migration of the mammary cell line MCF10A, while the tumor-derived mutants E146K and R343H were defective in these assays. The E146K tumor-derived mutant promoted acini expansion in Matrigel and sustained elevated levels of cyclin D1 and MYC expression in the absence of growth factors ( Figure 5) . Moreover, the E146K mutation had transforming properties of its own suggesting that this mutation functions in a dominantnegative manner, either through interfering with endogenous PCDH8 or potentially other protocadherin proteins. E146K transformation is likely to require at least one additional independent event in MCF10A cells since only a minority of expressing cells exhibited the transformed phenotype.
Understanding how PCDH8 suppresses tumor growth is an interesting question. Our results suggest that PCDH8 has a role in morphogenesis and cell growth. We suspect that PCDH8 mutations, such as E146K, that occur on the cell surface disrupt the interaction of one PCDH8 molecule with other PCDH8 molecules in the same or neighboring cells that serve to restrain and organize clusters of breast epithelial cells. On the other hand, the mutation (K956C) observed in the intracellular domain of PCDH8 probably affects an intracellular signaling pathway. Unlike other protocadherins, the intracellular domain of PCDH8 has no homology to cadherins and therefore is not likely to interact with catenins. However, there is a highly conserved region (>40%) that is shared among several different human protocadherin paralogs (PCDH1, PCDH7, PCDH9, PCDH10, PCDH11, PCDH17, PCDH18, PCDH19) that could be responsible for transmitting signals within cells (Supplementary Figure  S1) . Reintroduction of wild-type PCDH8 into a cell line expressing a mutation of this region was able to suppress cell growth in vitro (Figure 3 ). This finding suggests that the cytoplasmic domain makes a critical contribution to the tumor suppressor function of PCDH8. It will be interesting to dissect the intracellular signals that PCDH8 regulates in breast epithelial cells.
Inactivating PCDH8 appears to be an early step in breast tumor progression that may be related to its role in regulating cellular polarity and tissue organization during vertebrate embryogenesis (Hukriede et al., 2003; Medina et al., 2004; Unterseher et al., 2004) . Given its high frequency of inactivation, it is likely to represent a key step in the evolution of breast epithelial malignancy. Our findings suggest that PCDH8 cell-cell communication restrains the expansion of epithelial cells present in breast tissue and provides a mechanism for maintaining normal breast epithelial architecture and homeostatis. PCDH8 is located on chromosome 13q14.3 and is within a cluster of protocadherins (PCDH8, PCDH9, PCDH17 and PCDH20) spanning 13q14-21 that is conserved between humans and mice. It is interesting to note that PCDH20 is methylated and homozygously deleted in lung cancer, and when reintroduced into an altered tumor cell line reduces proliferation (Imoto al., 2006) . Based upon our findings and these, we suggest that the chromosome 13q14-21 protocadherin cluster may be broadly involved in tumor suppression in a range of tumor types.
Materials and methods

Representational difference analysis
Genomic subtraction was performed on the normal/tumor cell line pair (HCC1395) using representational difference analysis (Lisitsyn and Wigler, 1993) . Unique sequence was identified in 18 of 150 clones. Six fragments were derived from the EpsteinBarr virus genome. Two of the fragments mapped to chromosome 13q21 and were absent in the tumor line. LOH and mutation analysis Markers D13S1305, D13S155 and D13S1228 were amplified from genomic DNA. A 50% or greater reduction in peak intensity was scored as a loss. Primers used for mutation analysis and sequencing are listed in Supplementary Table S3 . Sequences were analysed using Mutation Surveyor (SoftGenetics LLC., State College, PA, USA). Tumors were obtained from Columbia University Medical Center with permission from the Institutional Review Board. Cell lines screened for mutation include UACC812, UACC893, MDA-MB-453, MDA-MB-231, MDA-MB-436, MDA-MB-415, BT-483, T47D, BT474, DU4475, CAMA1, HCC2157, SUM102, SUM185, SUM1315, HCC1599, HCC1008, HCC1806, HCC1187, MCF7, HCC2218.
Southern blotting
Probes were PCR amplified and labeled randomly. PCR primers are 13q21 probe: 13q21F, AGGCTTTTGAGTTC AAGGTG; 13q21R, GTAAGTCTCAGTCTCAACA; PCDH8 probe: PCDH8-CpG-F3, AGAGGCTATTCCAGGC ACCG; PCDH8-CpG-R3, CTCTCGGAATCACGCTCTT TG; ANKRD3 probe: ANKRD3-F, GGACGACCTACGGA AGTGAC; ANKRD3-R, CTAACTCCACTCACAAAGCC.
In situ hybridization Tissue was fixed in 4% paraformaldehyde overnight at 4 1C and dehydrated in 30% sucrose. Sections were hybridized with DIG-labeled cRNA probe from mouse clone ID 3813893 and incubated with anti-DIG-AP antibody (Roche Diagnostics Corp., Indianapolis, IN, USA). Alkaline phosphatase activity was visualized with NBT/BCIP (Vector Laboratories, Burlingame, CA, USA).
Cloning and mutagenesis A human PCDH8 clone was purchased from OriGene (OriGene Technologies Inc., Rockville, MD, USA), clone ID FB1851_H03, pCMV6-XL4-PCDH8. This clone contained a missense change. The wild-type sequence was created using QuikChange XL Site-Directed Mutagenesis Kit (Stratagene Corp., La Jolla, CA, USA), primers CAGGACACCTACG AGCTGGACGTGCG and CGCACGTCCAGCTCGTAGG TGTCCTG. pBABE-PCDH8-myc was generated by PCR amplification and cloned into pBABEpuro between EcoRI and SalI sites. PCDH8-E146K mutant was generated using primers GGTAGAAGGTGTCCAAGGGTGCGGCAGTG and CAC TGCCGCACCCTTGGACACCTCTACC; PCDH8-R343H mutant with primers GCAAGGTCATCGTGCACATCCGA GACGTC and ATTGACGTCTCGGATGTGCACGAT GACCT. pBABE-RasV12 was a gift from Dr Scott Lowe.
Retrovirus production and infection
Phoenix-ampho cells for retrovirus production were provided by Dr Gary Nolan. A T75 flask of cells was transfected with 21 mg plasmid using Lipofectamine 2000 (Invitrogen Corporation, Carlsbad, CA, USA). Virus was harvested 48-72 h post transfection, stabilized with FBS, and passed through a 0.45 mm filter. Cells were infected with viruses in the presence of 8 mg/ml polybrene and selected with 1 mg/ml puromycin.
Immunofluorescence MCF10A cells expressing MYC epitope-tagged proteins were plated onto sterile cover slips in a six-well dish. Sixteen hours after plating, cells were fixed in 2% paraformaldehyde in phosphate-buffered saline (PBS) pH 7.4 for 30 min at room temperature. Cells were washed for 20 min in PBS, permeabilized for 1 h in buffer A (5% goat serum, 0.1% Triton X-100 in PBS), and incubated with 1:1000 dilution of mouse monoclonal anti-MYC (9E10) antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) in buffer A. Cells were washed in PBS, and incubated with 1:600 dilution of Alexafluor 568 antimouse antibody (Molecular Probes, Invitrogen Corporation, Carlsbad, CA, USA) and counterstained with 4 0 ,6-diamidino-2-phenylindole dihydrochloride (DAPI; 0.15 mg/ml in water).
Western blotting and immunohistochemistry
Whole cell lysates were used in all western blots. Paraffin sections were stained with 1:5000 dilution of the anti-PCDH8 antibody. Slides were developed with ABC-DAB (Vector, Biogenics, NAPA, CA, USA). Antibodies: anti-PCDH8 was raised against amino acids 1052-1070 (YQSPPGRYLSPKK-GANENV) in rabbits and affinity purified (NCBI accession number AAC70009). Other antibodies were commercially available: anti-tubulin (Tu27; Covance Research Products, Berkeley, CA, USA), anti-vinculin (hVIN-1; Sigma-Aldrich, St Louis, MO, USA), anti-Myc (9E10; Santa Cruz), anti-E-cadherin (BD Biosciences, San Jose, CA, USA), anti-v-Hras (Ab-1; EMD Chemicals Inc., San Diego, CA, USA).
Morphogenesis assay
Growth-factor (40 ml) reduced Matrigel (BD Biosciences) was plated on eight-chamber slides (Corning Incorporated, Lowell, MA, USA). MCF10A cell lines were grown in each chamber as described (Debnath et al., 2003a) .
Migration assays
Equal numbers of cells were plated on a six-well plate. A single wound was introduced using a P20 pipette tip and media was replaced. Migration was assessed at indicated times.
